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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply By To Obtain
acres 4047, square metres
acre-feet 1233,482 cubic metres
cubic feet per second 0.2832 cubic metres per second
cubic yards 0.7646 cubic metres
feet 0.3048 metres
feet per hour 0.3048 metres per hour
feet per second 0.3048 metres per second
gallons (US liquid) 3.785412 cubic decimetres
inches 25.4 millimetres
pounds (mass) 0.4535924 kilograms
pounds per cubic foot 16.019 grams per litre
pounds per cubic foot 16018.463 milligrams per litre
pounds per hour-square feet 4882.428 grams per hour-square metres



VERIFICATION OF PROCEDURES FOR DESIGNING DREDGED
MATERIAL CONTAINMENT AREAS FOR SOLIDS RETENTION

PART I: INTRODUCTION

Background

1. Placement of dredged material in confined disposal areas has
increased in recent years due to constraints on open-water disposal. Confined
disposal areas are created by enclosing an area with a retaining dike.
Dredged material is usually pumped into the area hydraulically by pipeline
dredge or by using hopper dredges or scows with pump-out capabilities,

2, Confined disposal areas are used to retain dredged material solids,
while in most cases allowing the carrier water to be released from the dis-
posal area. The two objectives inherent in the design and operation of a
confined disposal area are (a) to provide adequate storage capacity to meet
long~term dredging requirements, and (b) to attain the highest possible effi-
ciency in retaining solids during the dredging operation in order to meet
effluent suspended solids requirements. These considerations are basically
interrelated and depend upon effective design, operation, and management of
the disposal area.

3. Procedures for designing confined disposal areas were initially
developed during the Dredged Material Research Program (DMRP) (Palermo, Mont-
gomery, and Poindexter 1978). These procedures required data from column
settling tests to define the settling properties of the material to be
dredged. Refinements to the initial test procedures were developed, and ver-
ification studies were conducted as a part of the Disposal Operations Techni-
cal Support (DOTS) Program. Additional refinements were developed as a part
of the Long-Term Effects of Dredging Operations (LEDO) Program,

4, Procedures for conducting flocculent and zone settling column tests
are described in detail in Appendix A, Design procedures for determining the
surface area required for effective zone settling, the retention time required
for removal of effluent suspended solids, and the volume required for initial

storage are described in Appendix B.



5. During the development of laboratory and design procedures, a vari-
ety of sediments were tested. Field data on dredged material settling behav-
ior were also collected at several sites as a part of this effort. Additional
sediments were tested in support of ongoing planning and design studies by
several District offices., In all, 28 sediment samples were tested at the
US Army Engineer Waterways Experiment Station (WES) between 1978 and 1984,
Data available from these laboratory and field studies serve as a verification

of the testing and design procedures.

Purpose and Scope

6. The purpose of this report is to present data to verify the accuracy
of column settling tests in describing the settling behavior of dredged mate-
rial hydraulically placed in confined disposal areas. Results of settling
tests conducted by WES over a 6-year period are presented. These tests
involved 28 sediment samples collected at a total of 17 test sites, Predic-
tions of zone, flocculent, and compression settling behavior based on the test
results are compared with observed field behavior for purposes of

verification.

Dredged Material Settling Behavior

7. Dredged material placed in disposal areas by hydraulic dredges or
pumped into disposal areas by pump-out facilities enters the disposal area as
a slurry (a mixture of solids and overlying water from the dredging site).
Settling refers to those processes in which the dredged material slurry is
separated into supernatant water of low solids concentration (to be dis~
charged) and a concentrated slurry (to be retained). Laboratory settling
tests provide data for designing the containment area to meet effluent sus-
pended solids criteria and to provide adequate storage capacity for the
dredged solids.

Settling processes

8. Settling types. The settling process can be categorized according

to four basic classifications (Thackston 1972, Montgomery 1979, and Montgom-
ery, Thackston, and Parker 1983): (a) discrete settling, in which the par-

ticle maintains its individuality and does not change in size, shape, or



density during the settling process, (b) flocculent settling, in which par-
ticles agglomerate during the settling period with a change in physical
properties and settling rate, (c) zone settling, in which the flocculent sus-
pension forms a lattice structure and settles as a mass (interparticle forces
hinder settling of neighboring particles, and a distinct interface between the
slurry and the supernatant water is exhibited during the settling process),
and (d) compression settling, in which settling occurs by compression of the
lattice structure, Figure 1 is a conceptual illustration of these settling
processes, All of the above sedimentation processes occur in a disposal area
and any one may control the design of the disposal area,

9. Factors governing settling. The important factors governing the

sedimentation of dredged material are the initial concentration of the slurry
and the flocculating properties of the solid particles. Because of the
extremely high influent solids concentration and the tendency of fine-grained
particles to flocculate, either flocculent or zone settling behavior normally
governs sedimentation in containment areas (Montgomery 1978). Sedimentation
of freshwater sediments at slurry concentrations less than 100 g/f can gener-
ally be characterized as flocculent settling. As slurry concentrations are
increased, the sedimentation process may be characterized as zone settling.
Discrete settling describes the sedimentation of sand particles and fine-
grained sediments at very low concentrations. Compression settling occurs in
the lower layers of settled material for both the flocculent and zone settling
cases. As more settled material accumulates, excess pore pressures develop in
the lower layers and compression settling transitions into consolidation as
the excess pore pressures dissipate.

10. Zone versus flocculent settling as a function of salinity, The

tendency of a fine-grained dredged material slurry to exhibit either zone or
flocculent settling behavior in the initial stages of settling is strongly
influenced by the presence of salt as a coagulant. If the salinity is less
than 3 ppt, indicative of freshwater conditions, flocculent settling behavior
normally describes the initial settling, and no clearly defined interface is
seen. If the salinity is greater than 3 ppt, indicative of brackish or salt-
water conditions, zone settling behavior normally describes the initial set-
tling, and a clear interface between the clarified supernatant water and the
more concentrated slurry is evident. For the zone settling case, some of the

fine particles remain in the supernatant water as the interface falls.



FLOCCULENT SETTLING
DEPENDS ON DEPTH,
CONCENTRATION,

AND RESIDENCE TIME

ZONE SETTLING DEPENDS
ON CONCENTRATION,
SURFACE AREA,

AND FLOW

COMPRESSION SETTLING
TRANSITIONS TO
CONSOLIDATION AND
DETERMINES STORAGE

Figure 1. Conceptual illustration of dredged material settling processes

Flocculent settling behavior describes the settling of these fine particles

from the supernatant.

Development of Testing and Design Procedures

Initial experimental studies

11. Studies in the early 1970's examined discrete settling theories as
a means to describe settling behavior of dredged materials. Krizek, Fitzpat-
rick, and Atmatzidis (1976) proposed discrete settling design in conjunction
with studies on the filtration of effluents. Mallory and Nawrocki (1974) had
earlier proposed similar designs as part of an overall evaluation of solid-
liquid separation technology as related to dredged material. Montgomery
(1979) later showed that either flocculent or zone settling, not discrete set-

tling, describes the sedimentation behavior of fine-grained dredged material.



12. Montgomery developed a column settling test to describe either
flocculent or zone settling behavior of dredged material slurries. The tests
provide numerical values for design criteria, which can be used to design the
containment area. It is important that the sediment slurry being tested have
characteristics in the settling column similar to those that it will have in
the containment area. This becomes increasingly difficult to assure as the
sediment slurry becomes more flocculent and as solids concentrations increase,

13. Montgomery conducted column tests using several sediments to
develop appropriate test procedures and to characterize the sedimentation
regimes describing dredged material slurries. Column diameter, column (ini-
tial slurry) height, and initial slurry concentration were varied in the test
series.

14. Results indicated that the settling velocity decreased with
increasing initial slurry concentration. As part of this series, Montgomery
conducted tests directly comparing the settling characteristics of a sediment
sample taken prior to dredging with those of the same material after discharge
into a containment area. Regression analysis performed on data for settling
velocity versus concentration indicated no significant difference. Therefore,
settling tests on sediment samples taken prior to dredging were found to be
valid for describing the settling behavior that a material would exhibit
within a containment area.

15. Montgomery also found that wall effects apparent in the multidiam-
eter tests were probably due to the relatively high concentrations of the
solids in dredged material slurries. Bridging effects in small-diameter col-
umns tended to increase settling velocities. At high slurry concentrations,
the upward flow of water displaced from the bottom of the column in channels
along the column wall tended to decrease friction between the wall and the
solid mass and thus to increase settling velocity. Montgomery's data indi-
cated that wall effects are significant at slurry concentrations greater than
about 50 g/f% for column diameters less than 6 in. Therefore, he concluded
that columns 8 in. or more in diameter should be used in tests for sedimenta-
tion area design.

16, The multiheight test data indicated that, at concentrations less
than about 50 g/4%, initial slurry height had little effect on settling veloc-
ity. At greater slurry concentrations, column height had a pronounced effect,

with significantly increased settling velocities resulting from higher slurry

10



heights. Montgomery concluded that tests for sedimentation design should be
conducted at a slurry height selected to match the depth expected in the
field.

Recommended settling column

17. The standard test column recommended by Montgomery for routine
evaluation of dredged material sedimentation is an 8-in.-diam sectional column
with side extraction valves, A schematic diagram of the column is shown in
Figure 2., Field verification work initially documented by Montgomery (1979)
has shown that the column test procedure adequately simulates the field
settling behavior of fine-grained dredged material,

Development of design procedures

18. Montgomery developed procedures for containment area design and
evaluation based on the works of Coe and Clevenger (1916), McLaughlin (1959),
Thackston (1972), Dick and Ewing (1967), Yoshioka et al. (1957), and Vesilind
(1968). The testing and design procedures for flocculent settling proposed by
Montgomery rely on the measurement of suspended solids concentrations within
the test column as a function of depth and time. This procedure allows deter-
mination of simulated suspended solids '"gradients" within the supernatant
waters, These data are then used to establish required retention times for a
desired suspended solids removal. The determination of suspended solids
gradients provides desirable information on the composition of supernatant
waters for this settling case.

19. Design procedures for zone settling are based on the measurement of
the interface position as a function of time and the subsequent calculation of
settling velocities. Montgomery states that the zone settling design proce-
dure will result in effluent suspended solids levels of 1 to 2 g/&. However,
the testing procedures for zone settling do not provide any information on the
solids or contaminant composition of supernatant waters,

Refinements to
initial column test procedures

20. Pilot test. The column test procedures developed by Montgomery
(1978) called for observing the settling behavior exhibited in the 8-in.
column and initiating either flocculent or zone settling design procedures,
depending on the behavior exhitited by the suspension. Based on the exper-
ience gained by testing a variety of materials, a pllot test was found to be a

useful indicator of settling behavior that could be performed prior to the

11
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Figure 2. Schematic diagram of apparatus for settling
tests (Montgomery 1978)
test in the 8-in., column. Once the pilot test determines what type of set-
tling will occur, the procedures for the 8-in. column test can be planned in
advance. In some cases, advance knowledge of settling behavior at a repre-

sentative slurry concentration can influence the sequence of testing.
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21. The pilot test consists simply of placing the slurry to be tested
in a 1- to 4-% graduated cylinder at a desired concentration (usually 150 g/%
to simulate the average inflow concentration to a confined disposal area).
The slurry is allowed to settle, and the observation is made as to whether or
not an interface will form.

22, Hydraulic separation of coarse and fine materials. The initial

test procedures developed by Montgomery (1978) called for physical separation
of the coarse fraction (> No. 40 sieve) from the fine fraction (< No. 40
sieve) prior to initiation of the test. This requirement is based on the fact
that coarse material settles quickly near the inflow point and is naturally
separated from the fine material. However, experience gained on several sedi-
ments in the laboratory proved this to be a highly labor-intensive practice.
Hydraulic separation of coarse material was therefore adopted as an alternate
method of separation. Hydraulic separation is accomplished as follows:

a. The pilot test results are examined, and a rough approximation

of the fraction of sands and coarser material 1s made. 1If a
zone settling test series is needed, the 8-in. column tests
will be started at higher concentrations and subsequent tests
will be conducted at lower concentrations. This information is
used to estimate the approximate concentration needed for the
slurry prior to separation,

b. Sediment and water are mixed in a 55-gal drum to a slurry con-
centration equal to the expected inflow concentration in the
confined disposal area (150 g/% in the absence of better data).

c. Sands and coarser material will settle to the bottom of the
drum during the mixing process because the mixing energy of a
mechanical mixer is insufficient to resuspend the coarse
material.

d. While the mixing action is maintained, the finer slurry is
pumped into a second 55-gal drum. This separated slurry is
then used for the column settling tests.

Refinement of procedures for
predicting effluent suspended solids

23, Dredged material slurries that undergo zone settling form a clearly
defined interface between the settled material and the clarified supernatant,
The column settling test procedures and design procedures initially developed
under the DMRP allowed the designer to determine a surface area required for
effective zone settling to occur under given flow conditions. However, the
DMRP procedures did not allow a prediction of the effluent suspended solids

concentrations for the zone settling condition.
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24, Palermo (1986) conducted a study under the LEDO Program which
resulted in a refinement of the DMRP procedures and which will allow predic-
tion of effluent suspended solids concentrations for the zone settling case.
This study was conducted because of the need for a method of predicting chemi~
cal effluent qua}ity at confined disposal sites.

25. Laboratory tests were conducted on sediments using the standard
8-in.-diam settling column; however, test procedures were modified, Sediments
exhibiting zone settling behavior were tested, and samples were taken from the
supernatant water through the side extraction ports on the column. These
tests were conducted in order to define the settling behavior of residual
particles which initially remained suspended in the supernatant water. These
studies determined that the particles initially remaining in the supernatant
water settled in accordance with flocculent settling behavior.

26. Palermo subsequently developed a refined flocculent settling data
analysis procedure for the supernatant particles similar to that initially
developed by Montgomery for slurries exhibiting flocculent settling. The
experiments conducted by Palermo indicated that several settling processes
could be occurring simultaneously in a dredged material disposal area. These
include

Compression settling in the lower layers of settled solids.

e

. Zone settling in the upper layers of settled solids.

o

Flocculent settling of residual particles in the supernatant
waters above the interface.

o
L]
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PART II: SEDIMENT SAMPLING AND CHARACTERIZATION

Sampling Sites

27. Settling column tests and field investigations described in this
report were performed on sediment samples collected from the 17 sites illus-
trated in Figure 3. These sites, scattered over the eastern half of the US,
represent both coastal (saltwater) and inland (freshwater) harbors. For 5 of
the 17 sites (Indiana Harbor, Mobile Harbor, Norfolk Harbor, Yazoo River, and
Savannah Harbor) tests were run for multiple sediment samples that were either
collected from more than one station within the harbor or collected at differ-
ent times for different projects. Field data for containment areas were col-
lected during dredging operations at Mobile, Yazoo River, Savannah, Norfolk,
Black Rock, Kings Bay, and Hart-Miller Island. These field data were used to
verify and refine the procedures previously proposed (Montgomery 1978 and
Palermo 1984) for the design of containment areas. Table 1 lists the harbor
sites, the sampling station identifications where different sediments from the
same site were tested, how the sediment samples were evaluated or tested, and

the types of settling data produced,

Sediment and Water Sampling

28. A sample that is characteristic of the sediment-water slurry dis-
charged from a dredge pipeline 1s required to conduct testing procedures for
the design of dredged material containment areas. Montgomery (1978) showed
that settling tests performed on sediments prior to dredging provided settling
property data similar to that from tests performed on those sediments dis-
charged as dredged material slurry. Since design data are usually needed
prior to the actual dredging operation, it is convenient to conduct settling
tests on slurries prepared in the laboratory from sediment and water samples
collected at the site. Most of the settling data discussed in this report
resulted from tests conducted on laboratory-prepared dredged material
slurries.

Sampling equipment

29. Channel sediments evaluated for this study were generally sampled

using grab-type samplers such as those described by Palermo, Montgomery, and
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Sediments Evaluated by Settling Column’ Tests

Table 1

Laboratory Settling Tests¥*

Field Tests*#*

Effluent Initial

Site Year Suspended  Storage
No. Site Name Tested Zone Compression Flocculent Solids Volume
1 Ashtabula Harbor 1984 X X X

2 Black Rock Harbor 1982 X X X X X
3 Charleston Harbor 1981 X

4 Fowl River 1977 X

5 Gallipolis Lock 1983 X

6 Hart-Miller Is. 1984 X X X

7 Indiana Harbor 1979 X X X

8 Indiana Harbor 1984 X X

9 Irondequoit Bay 1981 X X X
10 Kings Bay 1983 X X
11 Little Lake 1981 X X
12 Mobile Harbor 1978 X X X
13 Mobile Harbor-Sta 28 1983 X X X

14 Mobile Harbor-Comp. 1983 X X

15 Norfolk Harbor-1B 1980 X X
16 Norfolk Harbor-16B 1980 X X

17 Norfolk Harbor-31B 1980 X
18 Norfolk-55 Channel 1981 X X

19 Norfolk Harbor 1983 X X
20 Port Bienville 1981 X X
21 Saginaw Harbor 1983 X
22 Savannah Harbor 1981 X X
23 Savannah Harbor 1982 X X
24 Savannah Harbor 1983 X X
25 Yazoo River 1978 X X X
26 Yazoo River 1979 X
27 Yazoo River 1980 X X
28 Yellow Creek 1982 X

* Laboratory tests were conducted to define zone, compression, and/or flocculent

settling,

** Field data were collected on effluent suspended solids and/or initial storage volumes.
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Poindexter (1978). Samplers most often used were the Petersen dredge, the
Shipek dredge, and the Phleger tube sampler, all illustrated in Figure 4.
Exceptions to this were at Savannah Harbor, where a diving team collected the
sediment samples directly, and at Indiana Harbor in 1978, where a small clam-
shell bucket was used., Grab samples have proven to be adequate for obtaining
sediment samples for maintenance dredging projects. New-location dredging
through undisturbed consolidated sediments may require more conventional
boring techniques,

30. Water samples were sometimes collected at the test site along with
the sediment samples. 1In these cases, the water and sediment from the test
site were used to prepare the laboratory dredged material. A small pump was
usually used, so that water could be withdrawn from an elevation near the sed-
iment-water interface., In other cases, water was prepared in the laboratory
to match the salinities measured in the fiela.

31. Petersen dredge. The Petersen dredge has been used extensively for

collecting sediment samples. This sampler has a system of levers to keep the
scoop open while the sampler is lowered to the bottom. As the sampler comes
to rest on the bottom, the tension in the retrieval line is relaxed, the trip
lever drops, and the sampler is ready to obtain the sample., After the trip
lever has been released, tension is again applied to the retrieval line. Dur-
ing this time, the jaws slowly shut, enclosing the sample within the scoop.
The Petersen dredge is a versatile sampler that will sample a wide range of
sediments, from fluffy harbor sediments to dense sand deposits in rivers. The
Petersen dredge weighs 39 1b empty, with additional weights available to pro-
vide a total weight of 93 1b. The dredge samples 144 sq in. to a depth of
about 12 in., depending on the consistency of the bottom,

32. Shipek dredge. The Shipek dredge utilizes two concentric

half cylinders to form the sample scoop. The sampler is lowered to the
bottom, where a weight releases the triggering mechanism. The scoop gathers a
sample as it rotates through a half-circular arc under the force of springs.
The sampler is then hoisted to the water surface, where the scoop is released
and the sample is transferred to a container. This sampler obtains a sample
from an area approximately 8 in. by 8 in. to a depth of about 4 in, The empty
weight of the Shipek dredge is approximately 150 1b,

33. Phleger tube sampler. The Phleger tube sampler, often called a

harpoon sampler, is widely used for obtaining samples from the upper portion
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Figure 4. Sediment samplers
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of underwater deposits. Because it obtains its penetrating force from its
wveight and from pushing by operators in a boat, it must necessarily be quite
heavy without being awkward to manipulate, The harpoon is available with
adjustable weights in the range of 17 to 77 1lb and in fixed weights in excess
of 90 1b.

Sampling rationale

34. Procedures for sediment sample collection, handling, and preserva-
tion must minimize sample contamination and preserve the physical integrity of
the samples prior to testing, Plumb (1981) states that the value of data
obtained from any sampling program is dependent on (a) collecting representa-
tive samples, (b) using appropriate sampling techniques, and (c) adequately
preserving the samples. The first requirement regarding representative sam-
ples 1s especially difficult for sediments and dredged material because of the
usually large spatial variation. Plumb establishes the following criteria to
define the representative nature of a sample:

2. The area to be sampled must be clearly defined.

b. The sampling locations should be randomly distributed within
the area.

c. Replicate samples should be collected from each location,
unless variability has been established previously.

35, Random locations within the desired channel areas were sampled and
composited to assure a representative material for laboratory testing. Por-
tions of the sediment and water sampled were used for purposes of sediment
characterization.

36. For most of the projects, sampling was conducted so as to provide
an areal average representative of the area to be dredged. Samples were then
composited for purposes of physical characterization and column settling
tests, For some of the projects, samples were taken at planned locations
corresponding to positions of the operating dredge at the time confined dis-
posal sites were sampled. In this way, sediment samples taken from the chan-
nel were more representative of material sampled during subsequent field

evaluation studies.
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Project Descriptions

37. Descriptions of each field site listed in Table 1 and the scope of
each investigation are presented below in alphabetical order. The level of
detail in the descriptions will vary among the sites because some investiga-
tions included sediment characterization, settling tests, design, and field
evaluations, while other investigations included only one or two of these
tasks, These project descriptions were taken from the original reports pre-
pared for the respective investigationms.

Ashtabula Harbor

38. Ashtabula Harbor is located in eastern Ohio on Lake Erie. A series
of zone settling tests, a 13~day settling test for estimating initial storage
requirements, two flocculent settling tests for estimating effluent suspended
solids concentrations, and sediment characterization tests were performed in
response to a request from the Buffalo Engineer District. Sediment samples
were collected by the Buffalo District, and WES ran the tests. Test results
were furnished to the Buffalo District for design of the Ashtabula Confined
Disposal Project.

Black Rock Harbor

39, Black Rock Harbor, located near Bridgeport, Connecticut (Figure 5),
is an active harbor serving both commercial and recreational navigation. The
project consists of a channel with an authorized channel depth of 18 ft and
channel widths of 200, 150, and 100 ft, moving upstream. The channel was
dredged in 1955 to a depth of 18.0 ft, with an allowable overdredge of 1 ft.
Shoaling since that time had reduced the channel depth to approximately
13.0 ft, with isolated shoaling resulting in depths as little as 9.0 ft.
Approximately 425,000 yd3 of sediment were removed from the channel in late
1983 to restore the channel to authorized dimensions (Palermo 1984).

40, The Black Rock Harbor Project was the selected site for the Corps
of Engineers (CE) Field Verification Program (FVP), designed as a cooperative
effort between the CE and the Environmental Protection Agency (EPA) to field
verify testing procedures for implementing the requirements of Sections 404
and 103 of the Federal Water Pollution Control Act. Through the FVP, promis-
ing procedures developed by both the CE and EPA (including the predictive
technique considered in this study) were applied at Black Rock Harbor using

dredged material from a single maintenance operation. The dredged material
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Figure 5. Black Rock Harbor

was placed in both an open-water aquatic site and two confined disposal sites,
under both wetland and upland conditions, thus providing an unusual opportun-
ity for direct comparison of the environmental consequences of different dis-
posal conditions on the same material.

41. During March and April, 1982, an extensive sediment sampling pro-
gram was conducted at Black Rock Harbor. The purposes of the sampling program
were to physically and chemically characterize the sediments prior to dredging
and to provide samples of sediment for confined disposal site design. The
sediment sampling design was based on providing spatial coverage of the area
to be dredged and providing sufficient sediment volume for all anticipated
laboratory testing.

42. During March, 1982, 10 samples were taken at evenly spaced center-
line stations within the channel study reach to determine physical sediment
characterization. Samples were taken using a Petersen dredge sampler.
Approximately 5 gal of sediment was obtained at each of the 10 stations. A
composite of these samples was used in the column settling tests used for the
confined disposal site design.

43. During October, 1983, a field investigation was conducted at the
Black Rock Disposal Site during dredging operations. Data collection included
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mean retention time, effluent suspended solids concentrations, and ponding
depth, These data were compared to effluent suspended solids concentration
predictions from laboratory flocculent settling tests,

44, Field evaluations at the FVP Site included extensive sampling of
the inflow and effluent during the filling operation. The storage volume
occupied by the material was determined by surveys and by settlement plates
placed within the sites.

A A

45, A settling test was conducted on a composite sample of dredged
material taken from the Drum Island Confined Disposal Area in Charleston
Harbor. This test was conducted in 1983, along with consolidation tests on
the same sample as a part of the DOTS Engineering Verification work unit. No
corresponding field data on sedimentation were collected at the site.

Fowl River

46. The Fowl River flows into Mobile Bay about 20 miles south of
Mobile, Alabama. The 12.8-acre containment area used in 1977 was equipped
with one 8-ft weir to accommodate the flow from the 16-in. dredge used for
maintenance dredging at the time of the site investigation. The Fowl River
containment area is located in a saltwater environment; however, during per-
iods of high water in the Fowl River, the inflow of fresh water pushes out the
saltwater wedge and the site is under freshwater conditions. During the field
investigations, the salinity of the sediment carrier water sampled from the
hydraulic dredge pipeline was about 1 ppt.

47. This site was used by Montgomery (1978) for the initial development
of his design methodology for dredged material sedimentation basins., Channel
sediment and dredged material samples were taken for laboratory tests. Sus-
pended solids concentrations were determined at sampling stations within the
containment area. Dye tracer tests were performed to determine the actual
retention time in the containment area,

Gallipolis Locks

48. The Gallipolis Locks and Dam Replacement Project is located along
the Ohio River near Gallipolis, Ohio. To provide the structure and approach
channels for this project, approximately 15,000,000 yd3 of in situ soils must
be excavated. The US Army Engineer District, Huntington, West Virginia,
requested that WES evaluate excavation by dredging as an alternative to con-

ventional excavation, which would be complicated by an extensive dewatering
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requirement. Settling tests were performed to provide necessary data for
design of a disposal area not only for the new work-dredged material but also
for future maintenance dredging. The disposal area is located in the state of
West Virginia, which specified suspended solids concentration discharge stan-
dards for disposal area effluent. WES performed a flocculent settling test to
further define design requirements for the containment area (Hayes et al.
1985).

Hart-Miller Island

49, WES and the State of Maryland conducted laboratory and field
studies at the Hart-Miller Island Disposal Area in 1984, Hart-Miller Island
is a 900-acre containment island constructed for disposal of materials from
the inner Baltimore Harbor. A settling test was conducted on a composite sam-
ple of sediment taken by the Baltimore District. Material dredged from the
area was the initial material placed in the Hart-Miller Island Disposal Area.
The site was monitored for effluent quality during placement of the material,

Indiana Harbor

50. 1Indiana Harbor is at the southwest end of Lake Michigan in north-
western Indiana near the Illinois state line and the city of Chicago. Because
of its urbanized and industrialized surroundings, sediments in Indiana Harbor
are contaminated by conventional and potentially toxic pollutants. The
US Army Engineer District, Chicago, has responsibility for maintenance dredg-
ing of Indiana Harbor and the upstream Indiana Harbor Canal. Selection and
design of a containment area for dredged material are complicated by the need
to protect water quality in Lake Michigan, a source of drinking water for
millions of people.

51. Settling tests on Indiana Harbor sediment were first reported in
1980 (Myers et al. 1980). Sediment and water samples were collected at three
sites and composited. Zone, flocculent, and compression settling tests were
performed on this composite sediment sample. Additional sediment samples from
the harbor were collected in 1984 to provide site-specific settling data for
evaluation of confined disposal alternatives. Flocculent and compression
settling data were included in this analysis.

Irondequoit Bay

52, 1Irondequoit Bay is an embayment of Lake Ontario located near the
cities of Irondequoit and Rochester, New York. Settling tests on sediment

from this harbor were performed in response to a DOTS request from the US Army
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Engineer District, Buffalo. Zone, flocculent, and compression settling tests
were performed by WES, and the test data were furnished to the Buffalo
District.
Kings Bay

53. Kings Bay, Georgia, is the location for the ongoing development of
a major US Navy submarine base. Large quantities of dredged material from
channel enlargements have previously been placed in several confined disposal
sites adjacent to the channels. Maintenance dredging in channels adjacent to
the Crab Island Disposal Area at Kings Bay was performed in December, 1982.
Sediments from this project were sampled and used to perform column settling
tests. Effluent suspended solids data were collected as part of a routine
monitoring requirement throughout the disposal operation and were compared
with the column test results from the flocculent settling test.
Little Lake

54, Little Lake is located on the Gulf Coast in St. Tammany Parish,
Louisiana, near New Orleans. The US Army Engineer District, Mobile, requested
that WES conduct sediment characterization and settling tests for this site
under the DOTS Program. Zone and compression settling tests were run, and a
preliminary containment area design was furnished to the Mobile District.
Mobile Harbor

55. Mobile Harbor, Alabama, consists of the approach channels from the
Gulf of Mexico through Mobile Bay and a 40-ft-deep by 500~ to 775-ft-wide
channel 4,6 miles up the Mobile River to the Cochran Bridge in northern
Mobile. Channels above the bridge extend 2.7 miles into Chickasaw Creek, a
tributary to the Mobile River. A map of the project, including channels and
other features, is shown in Figure 6,

56. Mobile Harbor is dredged annually to maintain authorized depths in
waterways and harbors. Several confined disposal areas located adjacent to
the channel have been used to confine the dredged material, The Lower Polecat
Bay and the Upper Polecat Bay, or North Blakely, Disposal Sites were in use
when settling tests for dredged material were being developed and verified
(Montgomery 1978 and Palermo 1984).

57. Three different sediments from Mobile Harbor were subjected to set~-
tling column tests, First, Montgomery (1978) ran zone and compression set-
tling tests on sediment samples and on slurry samples collected from the

24-in., pipeline of a hydraulic dredge. A 30-ft by 30-ft test pit was also
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Figure 6. Mobile Harbor, Alabama, showing location of channels and
North Blakely Disposal Area

constructed for evaluation of zone and compression settling in the field ver-
sus that in the laboratory. Palermo (1984) collected a composite sediment
sample from several stations in January 1982 and subjected this sample to a
flocculent settling test., This test was part of a study on refining the
design methodology for predicting effluent suspended solids concentrations in
materials that exhibit zone settling behavior. Palermo (1984) collected addi-~
tional sediment samples in July, 1982, from Station MB28. Flocculent and com-
pression settling tests were performed on this sediment in the laboratory.
Also, during June, 1982, while a dredge was working near Station MB28, a field
evaluation of the Blakely Disposal Area was conducted. This study measured
influent and effluent suspended solids concentrations, retention time, and
water quality parameters. Field results were compared to laboratory predic-

tions for effluent suspended solids concentrationms.
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Norfolk Harbor

58. Norfolk Harbor, Virginia, is the location of one of the major coal
exporting facilities in the US. The Norfolk Harbor Complex consists of 45-ft
channels and anchorages which serve both major commercial and naval facili-
ties. A layout of the harbor area is shown in Figure 7.

59. The Craney Island Disposal Area, which serves Norfolk Harbor, has a
surface area of 2,500 acres, making it one of the largest such sites in the
nation. (See Figure 7.) Plans for the site were developed in the early
1940's to provide a long-term disposal area for material dredged from channels
and ports in the Hampton Roads area., Construction of dikes at Craney Island
was completed in 1957, and material has since been placed within the disposal
area almost continuously, using both direct pipeline discharge and hopper
pump~out. Over 142,000,000 yd3 of dredged material have been placed within
the area so far, and maintenance dredging now produces an average of
5,000,000 yd3 of sediments per year. A management plan (Palermo, Shields, and
Hayes 1981) has recently been developed for the Craney Island Disposal Area
which provides guidelines on operation and management of the site to prolong
its service life,

60. Settling tests were performed on five different sediments from
Norfolk Harbor. In April, 1980, separate samples were collected from Sta-
tions 1, 16, and 31 (Figure 7). A compression settling test was performed on
all three samples, and a zone settling test was performed on Samples 1 and 16.
These tests were described in the management plan for the Craney Island Dis-
posal Area, In 1981, sediment samples were collected from the Norfolk Harbor
50-ft channel project and were tested for zone and compression settling.
Finally, in 1983, sediment and water were collected from the Norfolk Harbor
45-ft channel. This material was evaluated in the laboratory by the floccu-
lent settling test on the supernatant above a zone settling interface. During
13-16 February 1983, field data, including influent and effluent suspended
solids concentrations and retention times, were collected during dredging
operations at the Craney Island Disposal Area. Comparison of these data with
the laboratory data is reported in Part IV,

Port Bienville

61. Port Bienville is located on the Gulf Coast near Bay St. Louis,
Mississippi. The US Army Engineer District, Mobile, requested that WES con-
duct sediment characterization and settling tests for this site under the DOTS
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Figure 7. Norfolk Harbor, Virginia, showing location of channels,
areas dredged, and Craney Island Disposal Area (Palermo, Shields,
and Hayes 1981)

Program. Zone settling and compression tests were run, and a preliminary con-

tainment area design was furnished to the Mobile District.

28



Saginaw Harbor

62. Saginaw Harbor is located near Saginaw, Michigan, on an embayment
of Lake Huron. Flocculent settling tests were performed on this freshwater
sediment which was to be placed in the Middle Ground Island Disposal Area.

Savannah Harbor

63. The Savannah Harbor, Georgia, complex is unique with respect to the
method and management of dredging and disposal operations. A layout of the
project area is shown in Figure 8. Channels along the Savannah River have
been progressively deepened to 38 ft, and shoaling was concentrated in reaches
adjacent to the city of Savannah. A tide gate control structure was put into
operation in 1977, creating a sediment basin or trap to concentrate shoaling
in the Back River channel, thereby reducing shoaling in the navigation channel
and reducing dredging costs. Approximately 7,000,000 yd3 of material are
removed annually from the project area.

64. Dredging in the Savannah Harbor is accomplished using hydraulic
pipeline dredges, and the sediments are deposited directly into several large
confined disposal sites adjacent to the Back River. These sites are well-
managed disposal areas which provide good sedimentation. An intensive post-
disposal management program to extend site life through dewatering and
consolidation of the sediments after placement has also been implemented by
the Savannah District (US Army Engineer District, Savannah 1982). Disposal
Area 12, a 900-acre site located adjacent to the Back River, was used as a
field evaluation site for verification of settling column data (Palermo 1984).
(See Figure 8.)

65. Sediment samples were collected from Savannah Harbor in 1981 and in
1982. The 1981 samples were subjected to zone and compression settling tests,
In August, 1982, a diving team collected sediment samples from the Back River,
These samples were used for conducting flocculent settling tests above a zone
settling interface. During 9-12 August, 1982, a field evaluation was con-
ducted at Disposal Area 12, (See Figure 8.) The field evaluation included
influent and effluent suspended solids concentration determinations and deter-
mination of retention time. A third sediment sample collected in 1983 was
subjected to flocculent settling and compression tests.

Yazoo River

66. The Yazoo River dredging project, located near Belzoni, Missis-

sippi, was evaluated by Montgomery (1978). The purpose of dredging at this
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Figure 8. Savannah Harbor, Georgia, showing channels, sediment basin,
and Disposal Area No. 12 (Palermo 1984)

site was to provide additional flood control by deepening and widening the
Yazoo River, in contrast to the more common maintenance dredging projects.
Sediment and water samples were collected and subjected to a flocculent set-
tling test. This is the only flocculent settling test considered in this
study where samples were collected from the settling column in the absence of
a zone settling interface. A field investigation was conducted for this site
in 1977. The disposal area consisted of an upper (450- by 1,800-ft) basin and
a smaller lower basin. The field investigation determined influent and
effluent suspended solids concentrations and suspended solids concentrations
versus depth at the stations within the disposal area. Dye tests were
performed to determine retention time. These data were used to verify the
applicability of the flocculent settling test at a freshwater site.
Additional flocculent settling tests were conducted in 1979 and 1980 for Yazoo
River sediment samples.

Yellow Creek

67. Limited field sampling was conducted at the Yellow Creek,
Mississippi, disposal area in the Nashville District. The disposal area is
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located in a freshwater area at the Yellow Creek Embayment of Pickwick Reser-
voir on the Tennessee River, near Burnsville, Mississippi. The area is used
for the disposal of sediments from maintenance dredging on the Tennessee-
Tombigbee Waterway. The purpose of the sampling at Yellow Creek was to obtain
a typical sample of freshwater material which would be expected to exhibit
flocculent settling properties. A sample of material was taken directly from

the disposal area immediately in front of the primary weir box. This sample

was subjected to a flocculent settling test in the 1

withdrawn above the zone settling interface.

Sediment Characterization

68. Sediment samples collected for settling tests to facilitate con-
tainment area design should be routinely characterized, from an engineering
standpoint, by the following tests:

. Atterberg limits.

o Ip

. Grain size analysis.
. Salinity.

la. [

. Specific gravity.

. In situ water content.

le

Atterberg limits and grain size analyses will allow classification of the
sediment according to the Unified Soil Classification System (USCS) and will
provide a general indication of settling properties and how the material will
behave in the containment area. The salinity of the sediment or the site
water will predict the probability of zone settling behavior. Specific grav-
ity and in situ water content are parameters needed for input to the design
equations used for sizing the containment area. For samples classified visu-
ally as organic sediments, the organic content should be determined. If the
organic solids content is greater than 10 percent, storage and preservation of
the sample becomes much more critical because of potential biodegradation of
the sample., Figure 9 is a flowchart of the testing program recommended for
sediment samples. This flowchart was developed as a result of the experience
gained in testing the sediments described in this report. Soil test proce-
dures are in accordance with Engineer Manual (EM) 1110~2-1906 (Office, Chief
of Engineers 1970). Settling test procedures are provided in Appendix A and
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SEDIMENT

SAMPLE
* SITE WATER
SAMPLE
DETERMINE
IN SITU
WATER CONTENT
DETERMINE
I SALINITY
APPROXIMATELY 1/2 GALLON SPLIT APPROXIMATELY 15 GALLONS
SUBSAMPLES
j FOR TESTING } 1
SAMPLE MIX SLURRY
SEPARATION FROM SEDIMENT
(40 SIEVE) AND WATER
FINE-GRAINED COARSE-GRAINED
< 200 SIEVE > 200 SIEVE {
{ * HYDRAULICALLY
Uscs USCS SEPARATE IF REQUIRED
USING DRUM AND MIXER
CLASSIFICATION CLASSIFICATION
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Figure 9. Flowchart depicting laboratory testing program for sediment
samples (US Army Engineer Waterways Experiment Station 1985)
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are included in a draft EM entitled "Confined Dredged Material Disposal"
(US Army Engineer Waterways Experiment Station 1985).

69, Sediment samples discussed in this report were tested in general
accordance with the procedure indicated in Figure 9. Results of the engineer-
ing characterization tests are shown in Table 2, Only a few samples were
actually analyzed for organic solids content, and data for some other param-
eters were not found for some of the sediments.

70, USCS classification and Atterberg limits were available for most of
the sediments, A plasticity chart, Figure 10, shows the relationships of
plasticity indices to liquid limits for the sediments tested. Figure 10 shows
that the settling studies discussed in this report represent a wide range of
plasticity. The most predominant type of sediment was highly plastic
clay (CH). The only sediments plotting below the A line were Irondequoit
Bay (MH) and Black Rock (OH) sediments, Sediments classified as clays of low
plasticity were Ashtabula Harbor, Indiana Harbor (1979*), and Yazoo River
(1978%*) sediments, Specific gravity of the sediments ranged from 2,44
to 2,71, Table 2 reports the percentage sand for samples where a grain size
analysis was performed. The sand fraction ranged from less than 3 percent to
82 percent, Most of the sediment samples from harbor maintenance dredging
projects would be expected to be predominantly fine-grained particles. The
Gallipolis Lock sample was a new-location project, in which the material being

excavated by dredging was primarily sandy material.

* Date of sample collection.
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Part III: COLUMN SETTLING TESTS AND DATA ANALYSIS

Column Settling Test Procedures

71. This study considers all of the laboratory settling tests recom-
mended for the design of dredged material containment areas. These tests are
the zone settling test, the compression settling test, the freshwater floc~
culent settling test, and the supernatant flocculent settling test. All of
these tests are performed in an 8-in,-diam, 6-ft-high Plexiglas cylinder. The
procedure for selection of the appropriate settling tests to be conducted is
illustrated in Figure 9. Detailed procedures for performing the settling
tests are included in Appendix A.

72, Table 1 illustrates the types of tests performed on sediments for
the 28 different sediment samples evaluated in this report, Most sediments
were subjected to more than one type of settling test. Many of the sediments
were tested primarily for specific research purposes and all of the data that
would be required to design a containment area may not have been acquired on

these sediments.

Data Analysis Procedures

73. The laboratory settling data were analyzed by the Automated
Dredging and Disposal Alternatives Management System (ADDAMS). ADDAMS is a
collection of computer programs useful in planning, designing, and operating
dredging and dredged material disposal projects. ADDAMS helps solve many of
the problems involving repetitive calculations which arise in typical dredging
projects. Maintained on the Control Data Corporation (CDC) cybernet system,
ADDAMS can be operated interactively and includes graphics features. A user's
manual (Hayes et al. 1985) is being developed to instruct users in access to
and step-by-step operation of the program.

Organization and capabilities of ADDAMS

74. ADDAMS currently consists of seven independent programs or modules,
which are described below.

75. This study used the procedures and techniques provided by>the sedi-
mentation design module available in ADDAMS (SETT) to analyze laboratory set-

tling data and to estimate design requirements for the retention of suspended
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Four-Character Name

0f ADDAMS Module Description
DYEC Hydraulic efficiency by dye tracer
TRAN Transportation of dredge material data
DISP Dredged material disposal site data
DREG Dredging site data
DDMM Dredged material management model
SETT Sedimentation design
CONS Long-term consolidation

solids and the provision of sufficient volume for initial storage of sedi-
ments. The calculations used by SETT are based on the procedures described in
Appendixes A and B. An example of SETT input and output for Hart-Miller
Island is provided in Appendix C.

76. The SEIT input routine has four divisions to simplify data entry

procedures, as follows:

coMp Compression settling test analysis
ZONE Zone settling test analysis

FLOC Flocculent settling test analysis
PROJ Project data entry

77. The SETT input routine generated the plots of settling test results
shown in Appendix D.* Graphs generated by the input routine are the compres-
sion, the zone settling, the solids loading, the flocculent, and the percent
removal or total suspended solids curves as described in Appendixes A and B,
The SETT output routine will plot all graphs available in the input and pro-
vide a listing of site characteristics and design results. The total
suspended solid versus retention time graphs in Appendix D were generated by
the output routine. The Tektronics 4114A terminal plotter was used to enter

the data and plot the curves.

* Reproduced on microfiche and enclosed in a pocket attached to the inside
back cover.
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78. Curves developed by the SETT module are based on least squares
curve-fitting analysis. Mathematical curve fits do not always generate the
same type of curve that would be drawn by hand using engineering judgment.
ADDAMS provides the capability for the designer to change the coefficients of
the curves and to delete outlying points in order to yield a curve more suit-
able for the purposes of the designer. However, for this study, coefficients
developed by the least squares technique were not adjusted. Outlying or ques-
tionable data points were eliminated from the analysis to produce curves more

representative of the actual dredged material settling behavior.

Column Settling Test Results

Zone settling tests

79. Zomne settling tests require the observation of the elevation of an
interface in an 8-in.~diam column over time, as described in Appendix A. The
zone settling velocity is dependent on the initial concentration of the
slurry. The procedure is to run a series of zone settling tests for the range
of initial solids concentrations that could be encountered in the field. An
example of a test series for the Little Lake sediment is illustrated in Fig-
ure 11, Eight tests were run at initial solids concentrations ranging from
46.6 to 197.7 g/%. Zone settling velocity is taken as the slope of the linear
portion of each curve. As initial solids concentration increases, the abso-
lute value of the zone settling velocity decreases. Table 3 shows zone set-
tling velocities for Little Lake ranged from 0.51 to 0.12 ft/hr. When the
settling curve departs from a linear relationship, compression settling
begins.

80. The relationship between zone settling velocities from the serie